The paper proposes a parameter design of a reaction force observer (RFOB) under existence of modeling error/parameter fluctuation. Observer-based sensorless-force-control is a good approach to reduce phase lag in control systems. Hence, the performance improvement can be easily attained by such a technique. However, the RFOB does not always guarantee accuracy of estimated value and adds incorrect compliance on the system. Due to insufficient report about RFOB design, its calibration is conducted based on the designer's own experience. To calibrate the RFOB and achieve the correct force control quantitatively, the structure of the observer-based force control and physical interpretation of control loops should be revealed simply. The paper presents a condition to achieve the correct force control and design methodology of observers, thereby, providing a robust performance against parameter variation.
Introduction
Industrial machines are now widely used in various industrial process. The machine performs with high precision and high efficiency, which are difficult for human to achieve. Since the machine is good at repetitive motion, a work piece is placed into appointed area in the factory. Herewith, positioning technique benefits from above merits with the machine while only having tolerance against external disturbance. For more advantage and convenience in industry, demand for force control is on the increasing (1) - (3) . Decline of labor force caused by low birth-rate, longevity, and retiring of trained engineers accelerate such requirement. Simultaneously, adaptation of the machine into welfare/life support fields is strongly expected. Furthermore, performance improve of machining is also demanded. Due to demand for high-variety low-volume manufacturing along diversification of human color, flexibility for work plays a significant role (4) . Underlying problems in the force control have been addressed for a long time (5) (6) . Phase lag penetrated into an open loop is critical in the force control since it determines stability and performance. Actuator saturation, sensing latency, bearing friction are ones of the causes of the phase lag in a control loop. Physical dynamics such as arms, sensors and work pieces also affect the stability and the performance. For performance improvement, effectiveness of proportionaldifferential (PD)/proportional-integral (PI) force controllers are analytically presented (5) . However, implementation of the PD controller is difficult as differential value of force information includes a lot of noise. The PI controller suppresses steady-state error but performance improvement in transient-state is difficult as it is classified into 1-degree-offreedom (DOF) controller. For such problem, 2-DOF force * Department of System Design Engineering Keio University 3-14-1, Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan control is introduced while implementing a disturbance observer (DOB) (7) . A DOB has a role of a type 1 servo system and decouples a tracking performance and a disturbance suppression performance (8) . Also, Kalman-filter based signal processing are utilized for force sensing as it provides little latency in filtering (9) . Such technique reduces the phase lag in a control loop and contributes to design of the PD controller.
In the design of peripheral devices/control structure, development of wide-band drive systems and observer-based force estimation are good approaches for reduction of the phase lag (10) - (13) . The reaction force observer (RFOB) remove sensor dynamics from the force control system (14) . In other words, the phase lag or noise caused by sensors can be reduced. Reduction of components shut out extra noise. The sensorless force control is effective for performance improvement as the force control requires severe condition against the phase lag in an open-loop (13) . Furthermore, the sensorless is also good in terms of install. The machine with narrow installation area benefits from above technique. Adaptation of the force control to many machines are also supported by low installation-cost. However, estimated value of the RFOB does not always match to true value. This is because system parameters used in the observer fluctuates by time-related deterioration. Since compliance of the force controller is set following to estimated value, incorrect estimation adds unreasonable impedance on the system. Therefore, observer design plays an important role in the sensorless force control. In industry, a traceability, which is an index of reliability for a certified quantitative performance, is abided to manage a design assets (15) . The index is essential index to adjust operations of machines and analyze plant systems. However, the traceability of the sensorless force control has not proven yet. In our knowledge, there are few researches for RFOB design/validation of reliability, although intentional parameter-design of the DOB is widely researched (16) - (18) . It is true that most modern digital drives are designed under c 2019 The Institute of Electrical Engineers of Japan.
identify-then-control and able to cope with changes in plant parameters (19) . However, since the RFOB is consist of several parameters and model identification is not perfect, an error factor is hard to identify and its calibration is difficult in industry where a plant system is easy to wear. Machining frequently causes mass reduction of drills since their bodies are shaved as long as a target object (20) . When parameter variation of a system occurs, it is a fatal defect in practical use because reliability of quality get to be not clear. With the aim of practical use, the paper reveals a structure of the sensorless force control and shows a physical interpretation of control loops. In section 2, the sensorless force controller is decomposed to simple components and the paper shows roles of the nominal parameters of observers. The paper also presents a condition to achieve the correct force control and design methodology of the RFOB which provides a robust performance against parameter variation is described in section 3. By simplifying the control structure and its roles, the sensorless force control can be physically interpreted easily and design method of compensators was derived. Several simulation and experiments are conducted for theory verification.
Robust Sensorless Force Control

System Setup
The paper discusses about the DOB-based 2-DOF sensorless force control. The sensorless force control system is constructed using the DOB and the RFOB. The RFOB estimates an external force affecting on a system based on the internal model principle. When any modeling errors do not exist, an accuracy of a disturbancegenerating polynomial is limited by only a pseudo differentiator. The paper treats a 1-DOF linear actuator system for simplicity of verification. In this time, the paper puts assumption that disturbance such as current control limit, mechanical friction or gravity is small enough to be ignored. A linear power amplifier and an air slider are used for remove such disturbance in experimental validation.
Robust Sensorless Force Control Using RFOB
The paper shows the DOB-based sensorless force control. As the DOB realizes the acceleration control and provides the physical clarity for the control system, a control design is simplified along with the physical phenomena. A key enabling technique for the sensorless force control is abstraction of a disturbance-generating polynomial by the observer while reducing phase lag. The paper reveals how to ensure accuracy of the disturbance-generating polynomial. Figure 1 shows the control structure of the DOB-based sensorless force control. Here, the system parameters are described as In this time, the friction effect is omitted in the analysis while assuming it is enough small. The Q filter is designed to avoid making an algebraic loop and an improper system. Thus, it includes pseudo differentials depending on the required number of differentiation. The DOB once cancels out all external force and constructs the robust 2-DOF controller (21) . Alternatively, information of the reaction force is introduced into the control system through the RFOB. Estimated value of the RFOB is feedback to the feedforward controller of the 2-DOF controller. Due to such a feedback, the control system attains a back drivability and the robustness at the same time. Thus the robust sensorless force control is achieved. Simultaneously, the incorrect estimation declines control reliability.
Although the robustness is attained, the reliability, in detail whether the accurate reaction force control is realized or not, is not guaranteed. This is because the accurate force control requires the correct disturbance-generating polynomial in the observer, but not the robustness. The paper confirms which parameters determine the disturbance-generating polynomial. To simplify the control structure, the paper divides the system diagram into two parts; the 2-DOF controller based on the DOB and the force feedback loop by the RFOB. Figures 2 and 3 show the block diagram of the 2-DOF controller and the force feedback loop. An input-output transfer function and a disturbance-suppression performance of the 2-DOF controller are expressed as
where u and d denote the input and the external disturbance.
In the denominator of (1), the inertia αMs 2 is dominant within the bandwidth of Q dob . The system behaves as a mass of C −1 f within the bandwidth of the DOB, expressed as
The numerator of (2) shows that the disturbance is suppressed within the bandwidth of Q dob . Thus, the 2-DOF controller work correctly within such the bandwidth. To achieve the robust force control, the controller should be used less than the bandwidth of the DOB. On the other hand, the feedback gain of the outer loop is expressed as
The main purpose of the RFOB is to find the disturbancegenerating polynomial. From (5), the disturbance-generating polynomial is influenced by pseudo differentiation and the nominal torque coefficient. Therefore, a factor which deteriorates the reliability is aggregated in the nominal torque coefficient, even though the number of parameters which construct the observer is two. As the other effect, the modeling errors generate an acceleration feedback. The acceleration feedback contributes to improve a motor dynamics since it reduce the inertia of the motor. Thus, although the reliability of the RFOB tolerates against the mass fluctuation, it requires severe condition on setting of the nominal torque coefficient. In other words, management of torque generation is important for the rigorous sensorless force control (22) (23) . From the above discussion, the structure of the robust sensorless force control is simplified as shown in Fig. 4 . The control architecture is divided into two parts which denote the motor dynamics and the environmental characteristics. Here, the force control can be physically interpreted as a problem how the motor contacts with the environment, mathematically expressed as a following governing equation;
where D m denotes the motor dynamics. Therefore, design of the motor dynamics has a possibility to improve the system performance. The force gain controls the motor inertia and determines response speed. As other method, impedance control is one of the technique to design the motor dynamics. It is good approach when a contact object is known in advance. In other words, arbitrary pole assignment can be achieved while degrading a back drivability. It should be noted that the robustness of the total system is guaranteed within the bandwidth of the DOB and control design should be conducted within the lower bandwidth than that.
Design of Motor Dynamics
As mentioned before, there are many ways to design the motor dynamics. Several researches have been reported that the performance improvement can be achieved by parameter design of the DOB (17) (18) . As the intentional modeling error of the DOB adds a phase compensator in the feedforward loop, it works like a PD controller. Therefore, a stability margin and response speed increase. However, the PD controller can be designed for the force controller and its design is very simple. Furthermore, the design simplicity plays a significant role since a bandwidth to be compensated is determined by the environmental characteristics. For vibration control of a multi-mass resonant system, the phase-lead effect by the DOB always increases a stability margin as phase does not cross over π due to pairs of resonance and anti-resonance (16) . However, the force control requires regional phase compensation and a reasonable phase compensator. For this problem, the phase-compensator obtained by the intentional modeling error is difficult to adjust a bandwidth to be compensated. The detailed discussion is conducted in Appendix. From the above discussion, the paper design the DOB with using the nominal parameters.
Parameter design of the RFOB also changes the motor dynamics. It generates the acceleration feedback loop and fluctuates the motor inertia. The negative feedback heavier the inertia and the positive feedback lighten that. In other words, design of the nominal mass works like the force gain. As the high force gain increases response speed, there is danger of system destabilization (discussed in section 4). Therefore, the detailed design method is explained in the latter section.
Abstraction of Environmental Characteristics
In the RFOB, the disturbance-generating polynomial is affected by the nominal torque coefficient and the Q filter. Therefore, the nominal torque coefficient should match to the true value. This problem can not be compensated/addressed from the controller. It denotes that brush DC motors or interior permanent magnet synchronous motors which are difficult to control torque in principle take a lot of costs to achieve the correct force control. On the other hand, surface permanent magnet synchronous motors which easily meet such condition is suitable for the control. The bandwidth of the Q filter should be set wider as possible to reduce the phase lag in the control loop. Its design should take the noise from the sensors or pseudo differentiation into account. Above bandwidth is set to lower than that of the DOB to perform the robust force control. The wideband Q filter can be achieved by using a high-speed processor as it provides low noise signal.
Simulation
For verification of the theory, the paper conducted simulation. The paper supposes that a motor contact with an environment which has a stiffness of 400.0 N/m and a viscous of 10.8 N·s/m in the initial state. A sensor used in the simulation is only a position sensor. In implementation, sampling time of a controller and the sensor is set at 0.1 ms and there were no approximations as shown in (4) . An effect of a friction is not considered in the simulation. A force command is set at 0.1 N and the paper shows results of true values which denote only a reaction force from an environment. Assuming to use a displacement sensor, the Q filters of DOB and RFOB are designed as 2nd-order low-pass filter;
where g dis and g reac express the cut-off frequencies of the DOB and the RFOB. The parameters used in the simulation are shown in Table 1 . The nominal values of the torque coefficient and the motor mass are chosen so that the values take 80% and 120% of each true value.
The simulation results are shown in Figs. 5-7. To check the isolation of the environmental characteristics loop and the acceleration feedback loop, the results are arranged based on the ratios of the nominal to the true torque coefficient, 0.8, 1.0 and 1.2, respectively. There are stationary errors between the force command and the true reaction force in Figs. 5 and 7, while the reaction force converges to the force command in Fig. 6 . The values of nominal motor mass change the response speed. In other words, it is revealed that the disturbance-generating polynomial is determined by the ratio of the nominal to the true torque coefficient and is not depend on the nominal motor mass. From these figures, the response speed becomes fast as the ratio of the nominal to the true mass gets larger. It is equivalent to increase of the positive acceleration feedback and reduction of the motor inertia. It is also confirmed in these figures that the convergence time gets faster as the ratios of the nominal to the true torque coefficient is small. This is because the acceleration feedback gain is determined by the difference between the ratio of the motor mass and the ratio of the torque coefficient. From the above results, the validity of the theory is verified. 
Analysis of Mass Fluctuation
The paper presents the analyses of the system for controller design. As mentioned in the previous section, the nominal parameters of the RFOB affect on the disturbance-generating polynomial and the gain of the acceleration feedback. It enables to identify the error factor of the observer-based force control at a certain level under the identify-then-control strategy. However, although the variation of the torque coefficient can be neglected as it is generally small, the mass fluctuation can not be ignored in practical situation. From these perspectives, the paper shows the effect of the mass fluctuation mathematically. The rigorous input-output transfer function of the total system is represented as
The ratio of the nominal torque coefficient to the true one should be 1.0 to realize the accurate acceleration control. Here, one of the conditions derived from the Routh-Hurwitz stability criterion is expressed as Other conditions are omitted since these are mainly determined by the bandwidth of force sensing and the nominal parameters have little impact on them. In the case of α > 1.0, the influence of the environmental characteristics to the acceleration controller is attenuated. However, it is noted that there are an upper limit of M dob n and a lower limit of K dob tn due to effect of the friction or the sensor noise. In ideal condition, it is desirable that the acceleration feedback derived from the RFOB is not be exist and an acceleration feedback loop is additionally designed. However, the mass fluctuation can not be neglected and should be considered in the control design. Thus, in order to design the acceleration feedback which does not make system unstable, the nominal parameter design of the RFOB can be conducted quantitatively than design of the additional feedback loop. As the one of the problems caused by the mass fluctuation, a variation of the motor dynamics, which directly affects the control performance, is remarkable. Figure 8 shows the Bode diagrams of the open loop and the closed loop (F res /F cmd ) with the mass fluctuation of 0%, ±20% and ±40%. This analysis used the control parameters listed in Table 1 , and the Q filter was designed as shown in (9) and (10) . As the environment, the spring-damper system which has a stiffness of 2500.0 N/m and a viscous of 10.8 N·s/m was used. The figure shows the variation of the resonance frequency. This is because the gain cross frequency of the open-loop transfer function moves due to effect of the mass fluctuation. The phase increase of the green and purple lines in the open loop is caused by their zeros. The stability margin decreases as M became small. Since the resonant frequency shifts with wide scale, the gain stabilization is difficult to attain. In contrast, it is conceivable that the phase stabilization is effective for suppression of the resonances. 
Parameter Design in the RFOB
To implement the phase stabilization, the paper checks the open loop transfer function. As the design parameters are Q rfob , K rfob tn and M rfob n , the paper introduces three way to design. Although the modeling error of the torque coefficient degrades the reliability of the force control, the paper shows designs including even that model. From another point of view, this technique adds impedance feedback on the control system. In other words, this design contributes to performance improvement in the form of the impedance control. Therefore, it is not irrelevant consideration in this research.
Design of the Q Filter
First, the paper consider about the case of Q rfob design. In cases where the feedback gain is represented as (5), an open loop transfer function is
is well calibrated, the Nyquist plot of the open loop transfer function is shown in Fig. 9 . A configuration of this verifivation is same as the previous section. The modeling error generates zeros, in detail stable zeros under M > M rfob n and unstable zeros under M < M rfob n . When M > M rfob n , the problem is how to ensure the phase margin since the gain margin is infinite. In another case M < M rfob n , a theme is also ensuring the phase margin while the gain margin has finite value. This is because the open-loop transfer function get to be the non-minimum phase system due to the unstable zero. In the design, the main issue is to deal with the case M < M rfob n and to enlarge a tolerance against the downward mass fluctuation. When the mass fluctuation-range is small, the design is simplified by setting the M rfob n small so that the design requires only ensuring of the phase margin. Here, it is noted that the small M rfob n leads to a slow response for the upward mass fluctuation as the acceleration feedback gain is decrease. It should be noted that L 1 (s) can be designed by tuning C f . The difference between them are whether it is a series compensator or a feedback compensator, i.e. existence of zeros in the closed loop.
Design of the Torque Coefficient Model
Second, the paper shows the case of K rfob tn design. As mentioned before, the design of this parameter change the disturbancegenerating polynomial and reliability of the force control. However, the force control with this design is equivalent to the control with additional impedance feedback. In other words, it provides velocity feedback, the acceleration feedback and so on. This design should ensure the consistency of the parameter on DC components. To design K rfob tn , the paper decomposes the outer feedback loop. The outer feedback loop can be described as
By adding the second term of (16) into the inner loop, the open loop transfer function is represented as
Since C f is generally designed as (20) can have unstable poles and the stability and the stability margin should be checked by the Nyquist diagram. Figure 10 shows the Nyquist diagram of the open loop transfer function L 2 (s). When the number of the unstable poles is two, the stability condition is described as follows; the gain should be larger than 1.0 when the phase is −180
• . The pseudo gain margin is expressed by a distance between the point when the phase is −180
• and (−1, j0) . While the phase margin is difficult to judge. An adjustment of the filter characteristics may be also hard because the change of the Nyquist plot and the poles of the system L 2 (s) that follow the filter design is unpredictable.
Design of the Inertia Model
Third, the paper describes the the case of M rfob n design. By adding the first term of (16) into the inner loop, the open loop transfer function is expressed as
is well calibrated, the Nyquist plot of the open loop transfer function L 3 (s) is shown in Fig. 11 . The stabilization problem is simply explained as how to obtain both the gain and the phase margin. As it does not affect on the disturbance-generating polynomial unlike the Q rfob or K rfob tn design and deals the mass fluctuation directly. If the controller needs to consider the environmental characteristics strongly, M rfob n design is effective as it provides the clear physical interpretation. This method is stabilization of acceleration feedback and ensures the phase margin around the resonant frequency.
Experiments
The paper conducts the force control which applied the phase stabilization. The purpose of the experiments is to attain the robust stability against the mass fluctuation ±15% of the static mass. Now the paper adopts the Q rfob design and the proportional force-controller for the design simplicity. Any serial compensators are not installed. The nominal torque coefficients are well calibrated in advance. Mass fluctuation is virtually reproduced by setting the nominal motor mass depending on the situation; a virtual motor mass M v is set as its fluctuated value get to be the static motor mass. Since the DOB enables to manage the motor dynamics within its bandwidth, above operation does not have a significant impact on the verification.
Experimental Setup
The experimental set up is shown in Fig. 12 . A rod-type linear motor S080Q (GMC HILLSTONE, CO., LTD.), is used as an actuator. A linear power-amplifier TA310 (Trust Automation, Inc.), whose control bandwidth is 5.0 kHz, is utilized as a motor driver in order to provide low-noise output and a quick response. The system uses an air slider to realize a frictionless motion. A position sensor of the motor is consist of a linear encoder LIP281, a linear scale LIP201 and an interpolation divider EIB392 (all of them are products of HEIDENHAIN Co.), which has resolution of 31.25 pm. Control operation is processed on Power PMAC (Delta tau Co.) and the control program is written by C language on it. Sampling time is set at 55.6 μs. Due to high-resolution sensing and fast signalprocessing, the phase-lead compensator can be designed. A contact object is an elastic object which has a resonance frequency of 26.38 rad/s when M rfob n is equal to a static motor mass. The experimental parameters are shown in Table 2 and Q dob was designed as (9) . For the simple control design, the 
The designed phase compensator cover the bandwidth of resonance. As the phase compensator increases a gain in high frequency domain and noise effect, the filter is experimentally designed with some adjustment. The paper conducted the contact motion with force commands of 0.3/0.2/0.4 N by 2.0 seconds and confirms force/position responses. The forces are measured by the RFOB, which is separated from the controller and has bandwidth of 1000 rad/s. On the whole, the green lines vibrate strongly for a long time compared with the red lines. This is because the phase margin of the total system is insufficient. In the Fig. 13 , the red line shows the performance of only the phase compensation without the modeling error, while the green lines present the performance with the positive acceleration feedback due to the modeling error. Due to the above reason, the red lines show the smaller oscillation and faster convergence than the green line. Since the phase margin get to be low when the mass fluctuates to downward direction, it should be compensated mainly. Likewise, the red lines in the Figs. 14 and 15 shows the well convergence speed. Although the intentional setting M rfob n = 0.85M v generates the negative feedback of the acceleration, the phase compensator compensates such the effect and provides the quick convergence. From these results, it is found that the phase stabilization contributes to the performance improvement under the existence of the mass fluctuation. As discussed in section 4, the responses are rapidly converged by ensuring the phase margin while the gain margin is not taken into account. From the view point of the design, it requires only the phase lead effects and easily attains the robust performance. The robust stability is also enhanced along with the increase of the phase margin. Therefore, the robust sensorless force control is achieved.
Experimental Results
Conclusions
The paper clarified the structure of the sensorless force control. The reliability of the reaction force control is aggregated in the nominal torque coefficient, while the nominal motor mass generates the acceleration feedback. Thus, the error factor which deteriorates the performance can be detectable. In general, the variation of the torque coefficient can be neglect but the mass fluctuation can not be ignored. It causes the fluctuation of a resonant frequency. The paper explains the phase stabilization methods with considering the design of the three parameters in the RFOB. The features of the methods are also described and one is applied to the system. The experimental results show the improvement of the robust stability and performance associated with increase of the phase margin. The paper presented the reliability and clear physical interpretation of the robust sensorless force control.app. Fig. 1 . Generalized 2-DOF controller of the DOB. When the motor contacts with the environment, the phase-lag effect is changed as
The above equation provides inarticulacy in design of the phase compensator. From discussion in section 4, the performance improvement of the force control requires the regional phase compensation. Therefore, design simplicity is important in practical use. To obtain such phase compensation, the PD force controller or the series phase compensator is good in design simplicity.
Robust 2-DOF Control by using the DOB
The paper showed that the design freedom of the DOB is not enough to individually design the robustness and the phase compensator. It should be noted that the DOB should be designed not to acquire the phase compensation effect but to obtain the robustness. Since the bandwidth of the DOB defines the bandwidth of the robust force control, the Qfilter should be designed while dedicating to attain a good disturbance-suppression performance. The Q-filter defines the poles of a feedback controller of the 2-DOF controller and it should be designed according to a target system. Let us considering a 2-DOF controller shown in app. Now, let us get to the point, how to achieve the acceleration control by using the DOB. For the acceleration control, relative degree of N and D is 0 and hence K can get constant value. To ensure certain tracking, K should be equal to N −1
and Y should be D −1 . Here, comparing the architecture of the DOB and app. Fig. 2 , it is proven that the DOB is a 2-DOF controller when the free parameter X = O. On the other hand, remaining free parameter Q should be designed such that Y −1 QÑ ≈ 1 to achieve the disturbance suppression. Considering a sensitivity function and a complementary sensitivity function, Q is designed with a low-pass filter Q dob as
Therefore, the DOB is a 2-DOF controller which has following controllers; An equivalent block diagram of the DOB is shown in app. Fig. 3 , where P n denotes a nominal model of the plant. Here, the output of this system is expressed as
